Piezoelectric monomorph, which has only one element, is a potential structure for piezoelectric applications in some extreme conditions. But as the restriction of the strain neutral layer, the traditional parallel electrode connection is not effective for sensing and energy harvesting. In this paper, perpendicular electrode connections were designed to utilize the nonuniform shear piezoelectric effect in the cross section of the monomorph, which made the monomorph avoid the restriction of the strain neutral layer. The PZT5 ceramic monomorph was preliminarily studied in this experiment. By comparing seven forms of perpendicular electrode connections with the traditional parallel electrode connection, the whole superposed perpendicular electrode connection is considered as the optimal output way for the monomorph. It can produce 13 V peak-to-peak (pk-pk) voltage in open circuit and 14.56 W maximum power with the matching resistance, which are much more than the parallel electrode connection 0.78 V and 0.14 W.
Introduction
Piezoelectric cantilever is widely used in the piezoelectric device for sensing and energy harvesting [1] [2] [3] [4] [5] [6] . At room temperature and ambient pressure, unimorph and bimorph, which utilize the lateral extensional piezoelectric effect, are considered as a promising solution for sensing and energy harvesting [7, 8] . But when both of the above composite structures are used under the relative tough environment, such as high temperature and high pressure or low temperature and low pressure, the stability and performance of the device will be lower as the thermal-oxidative degradation and the low temperature brittleness of the bonding materials between different components. Even in the normal situation, the internal stresses and the permanent strain in the bonding layer will lead to the rapid deterioration of the device after long time using [9] .
As for the simplest transducer that has only one piezoelectric component, the piezoelectric monomorph avoids the bonding issues and is considered as the only solution in the extreme conditions. But the existence of the strain neutral layer, which is in the middle of the thickness of the piezoelectric element, neutralizes the positive and negative induced charges [10] . As a result, with the traditional parallel electrode connection, the monomorph is not effective in the piezoelectric applications. In order to improve the performance of the monomorph, many studies have been focused on the nonuniform polarization inside the piezoelectric materials. Based on the nonuniform distribution of the electric field caused by the semiconductor-metal electrode contact, a monomorph of semiconductive piezoelectric ceramics was researched as an actuator, which can make a bend curvature comparable to bimorph [11] . With a ferroelectric inversion layer caused by heat treatment at a lower temperatures than the Curie point, a LiNbO 3 monomorph was studied to make the piezoelectric device without the bonding layer [12] . Monomorph with functional gradients materials was researched because of the constitutional gradation between the composite components, which made the strain neutral layer deviate from the middle of the thickness [13] . Recently, the piezoelectric monomorph with interdigitated electrodes was studied, which utilized the nonuniform d 33 coupling along the length to make the monomorph more effective in piezoelectric application [14, 15] . In this work, the piezoelectric monomorph with perpendicular electrode connections was researched preliminarily to utilize the nonuniform shear piezoelectric effect in the cross section for sensing and energy harvesting.
As shown in Figure 1 , when the cantilever is bent by a tip force F, there is a nonuniform distribution of the shear strain along the width, which is the result of the uneven stresses near the fixed end. Meanwhile, the maximum shear strains concentrate near the four surfaces of the monomorph and are opposite between the horizontal surface and the vertical surface. In order to utilize the nonuniform shear strain, the piezoelectric monomorph with perpendicular electrodes is designed. The nonuniform shear piezoelectric effect can be presented as
where is the electric displacement that is utilized by the perpendicular electrodes, is the nonuniform shear strain in the cross section of the bending monomorph, and is the piezoelectric constant that presents the nonuniform piezoelectric effect between the perpendicular electrodes.
Experimental Procedure
In the experiment, a PZT ceramic sheet with the length of = 35 mm, thickness of = 0.8 mm, and width of = 5 mm was used as a prototype (Figure 2(a) ). The sheet was polarized along the thickness direction with the electric field of 3 kV/mm at 100 ∘ C, and the piezoelectric coefficient d 31 is −187 × 10 −12 C/N. Then, the top and bottom faces of the sheet, which were perpendicular to the -axis, were painted with the partial room temperature silver electrodes that were 2 = 3 mm wide and spaced 1 = 3 = 1 mm width with two edges, respectively. The whole covered room temperature silver electrodes were painted on both of the side faces that were perpendicular to the -axis. Four wires were leaded from each electrode of the sheet. The identifier of each wire was shown in Figure 2 
The experimental setup is shown in Figure 3 (a). The mechanical shaker (Nanjing Foneng Co., HEV200), which was used to vibrate the monomorph, was driven by an arbitrary function generator (NF WF1974) and a power amplifier (NF HSA4014). The output voltage of the monomorph was monitored by an oscilloscope (Tektronix TDS2022B). The acceleration of the base was measured by a piezoelectnic accelerometer and a charge amplifier. Then the monomorph was clamped on the base with a tip mass as a cantilever. In Figure 3 (b), there are eight forms of electrode connections. Connection 1-2 was the conventional parallel electrode connection, which was used to be compared with perpendicular electrode connections. As a result of the symmetry of the structure, there were four perpendicular electrode connections in the monomorph, which include connection 1-3, connection 1-4, connection 2-3, and connection 2-4. Based on the above analysis that both side faces of the monomorph had the same charge distribution, the partial superposed perpendicular electrode connections were made by superposing both side wires, which include connection 1-34 and connection 2-34. Then by superposing the top and bottom wires of the partial superposed perpendicular electrode connections, the whole superposed perpendicular electrode connection (connection 12-34) was made.
Results and Discussion
Based on the above eight forms of electrode connections, the peak-to-peak (pk-pk) open circuit voltages of the PZT ceramic monomorph without tip mass, with 0.7 g, and 1.4 g tip mass were tested at the resonance frequencies 414 Hz, 227 Hz, and 171 Hz, respectively. The vibration acceleration was 11 m/s 2 . As shown in Figure 4 , more tip masses made the monomorph with increased prestress and lower resonant frequency, which induced higher voltage. However, even with 1.4 g tip mass, the monomorph with connection 1-2 only produced less than 1 V pk-pk voltage in open circuits, which implied that the parallel electrode connection is not effective for piezoelectric output. In comparison, the perpendicular electrode connections can produce 9.37 V pk-pk open circuit voltages with 1.4 g tip mass, which is more effective than connection 1-2. The output voltages of four perpendicular electrode connections that were in the same level also corroborated that both side faces of the monomorph had the same charge distribution. By superposing the induced charge of two side faces, the partial superposed perpendicular electrode connections included connection 1-34 and connection 2-34. They can produce 12.6 V pk-pk voltage with 1.4 g tip mass. This was because the superposition of the perpendicular electrode connections increased the effective area of the charge distribution, which made the monomorph produce higher voltage. In order to make full use of the induced charges, the whole superposed perpendicular electrode connection (connection 12-34) was made. It can produce 13 V pk-pk voltage with 1.4 g tip mass, which was considered as the optimal piezoelectric output way of the monomorph with perpendicular electrodes. In addition, when the top and bottom electrodes of the monomorph were superposed, there was only 0.4 V pk-pk voltage increased from connection 12-34 to connection 1-34. By contrast, when both side electrodes were superposed, there was 3.2 V pkpk voltage increased from connection 1-34 to connection 1-3. This indicates that the side electrodes make the primary contribution for the output voltage of the perpendicular electrode connection. The pk-pk voltages and output power of various connections under external load resistances were tested with 11 m/s 2 acceleration and 1.4 g tip mass at 171 Hz. As shown in Figure 5 (a), the pk-pk voltages of various electrode connections increase as the external resistance increases and then tend to be stable. Connection 1-2 produced the pk-pk voltage in lower level than others, which tended to be stable after 300 kΩ. For connection 1-3, the pk-pk voltage tended to be stable after 3 MΩ. It indicates that the internal impedance of the perpendicular electrode connection is larger than the parallel electrode connection. However, as specified in Figure 5 (a), even with the resistance less than 100 kΩ, the perpendicular electrode connection also can produce a higher voltage than the parallel electrode connection.
The output power is calculated by the formula = 2 pk-pk /8 , where pk-pk is the pk-pk voltage, and is the external load resistance. As shown in Figure 5(b) , the power increases with the increasing external resistance, and reaches the maximum value with the matching resistance, then decreases. Compared with connection 1-2, which produced the maximum power of only 0.14 W with the matching resistance about 100 kΩ, the maximum output power of connection 1-3 can be 4.41 W with 800 kΩ. As specified in Figure 5 : (a) The pk-pk voltage and (b) the output power of eight electrode connections under various external resistances, when the piezoelectric monomorph was vibrated under an acceleration of 11 m/s 2 at 171 Hz with 1.4 g tip mass. Figure 5 (b), even with a lower external load resistance that is less than 100 kΩ, the output power of the perpendicular electrode connection is also more than the traditional parallel electrode connection. This indicates that the perpendicular electrode connection is more effective than the conventional parallel electrode connection for energy harvesting, which is the result of avoiding the restriction of the stain neutral layer.
Regarding the superposition of the perpendicular electrode connection, connection 12-34 can produce the maximum power 14.56 W with the matching resistance, which is a little more than connection 1-34 that produces 12.67 W. The whole superposed perpendicular electrode connection can maximize the piezoelectric output of the piezoelectric monomorph to harvest the vibration energy. Moreover, by comparing the maximum power between connection 12-34 and connection 1-34, there was only 1.4 W increased. It indicates that the superposition of the top and bottom electrodes also has less effect on the output power of the monomorph than that of the side electrodes.
Conclusions
In conclusion, the nonuniform shear piezoelectric effect, which was utilized by the perpendicular electrode connections, was studied in the PZT5 ceramic monomorph. The output voltage and power can be improved by perpendicular electrode connections resulting from avoiding the restriction of the strain neutral layer. By comparing the output of eight forms of electrode connection, the whole superposed electrode connection was considered as the optimal way of the monomorph for higher voltage and more power. In the specific application environments, which require avoiding the bonding issues or the restriction of the strain neutral layer, the monomorph with perpendicular electrode connections can be considered as a solution. In addition, in order to maximize the efficiency of the energy converting, further work on the strain distribution of the nonuniform shear piezoelectric effect in the monomorph is required.
